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ABSTRACT OF THESIS ENTITLED： 
Multi-wavelength injection locking of semiconductor laser diodes and its 
applications 
Submitted by F O K Mei-po 
for the degree of Master of Philosophy in Electronic Engineering 
at The Chinese University of Hong Kong in June 2004 
Injection locking of semiconductor laser diodes is a simple, effective, and low cost 
method to realize many high-speed optical processes. These optical processes inherit 
a number of advantages from injection locking, including an enhancement in the 
spurious-free dynamic range, a suppression in the amplitude noise, a dynamic 
reduction in the amplitude modulation, and reduced sensityvity to polarization 
changes of the laser output. 
Injection locking is not limited to single wavelength operation, but it also bears the 
feature of multi-wavelength processing, in which the injection power and 
wavelengths are the control parameters of the process. Making use of two-mode 
injection locking, a new scheme to produce optical submillimeter-waves over a wide 
tuning range has been developed. The injection source is a 2-wavelength cw 
semiconductor optical amplifier ring laser, and the slave is a dc biased Fabry-Perot 
laser diode. The optical output has demonstrated improved tolerance to amplitude 
noise, polarization fluctuations, and wavelength drift, and can serve as a source for 
THz-wave generation through the photomixing technique. 
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Multi-wavelength pulse source is a key component for optical sensing, 
instrumentation, and high capacity W D M - T D M fiber communications. By injection 
locking of a pulsed FP-LD with an amplified spontaneous emission source that 
covers two of the longitudinal modes, we produce dual-wavelength pulses that are 
tunable over a wide wavelength range. W e further extend our technique to generate 
multi-wavelength 10 G H z pulses by injection locking of a Fabry-Perot laser diode 
with a single D F B master source. The outputs at five different wavelengths are 
phase-locked to the same master and exhibit a large tolerance to its wavelength drift. 
The wavelengths and the number of channels are easily adjustable, and the maximum 
frequency is not limited by the packaging parasitics of the d.c. biased slave Fabry-
Perot laser diode. 
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Multi-wavelength injection locking of 
semiconductor laser diodes and its applications 
1 INTRODUCTION 
This thesis focuses on multi-wavelength injection locking of semiconductor laser 
diodes. To gain a better understanding of injection locking, an overview on injection 
locking of semiconductor laser diodes and its applications in optical communications 
will be presented in this chapter. 
Section 1.1 gives a brief introduction on injection locking of semiconductor laser 
diodes. Section 1.2 and 1.3 present some current applications of single wavelength 
and multi-wavelength injection locking of semiconductor laser diodes, respectively. 
Section 1.4 outlines the organization of this thesis. 
1 
Multi-wa velensth injection locking of semiconductor laser diodes and ... CHAPTER 2 
1.1 Overview of Injection Locking 
Injection locking of semiconductor laser diodes is an interesting topic of research 
since the early 1980s. The technique can be used to modify and improve laser 
performance for both digital and analog applications. It has been demonstrated that 
by injection locking, the laser relaxation oscillation frequency can be increased by 
three times compared to the case of a free running laser diode [1]. This enhancement 
not only increases the laser performance for high speed digital applications, but also 
increases the spurious free dynamic range (SFDR) for analog applications. A more 
detailed study will be presented in Chapter 3. 
Injection locking occurs when an injection light is launched to a slave laser with two 
criteria being satisfied: (1) The injection wavelength must lie within the injection 
locking bandwidth. (2) The injection power must be above the injection locking 
threshold. With injection locking, the slave laser will emit light at wavelengths that 
match with the injection light, with the advantages of amplitude noise reduction and 
polarization regulation. The characteristics will be elaborated in Chapter 2 and the 
experimental demonstration is described in Chapter 3. 
Injection locking can be performed under single wavelength or multi-wavelength. 
Both types of locking can benefit the advantages provided by the injection process. 
Single wavelength injection locking means only one wavelength is injected to the 
slave laser, which results in one emission wavelength from the slave laser diode. 
Multi-wavelength injection locking can be performed if the slave laser itself has 
more then one oscillating wavelength, and an example is a Fabry-Perot laser diode. 
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When the different wavelengths are simultaneously injected to the slave laser, those 
wavelengths of the slave laser that match with the injection light will be locked. 
Many applications of injection locking of semiconductor laser diodes have been 
demonstrated experimentally in past and present research. Examples of single 
wavelength and multi-wavelength injection locking will be described in Sections 1.2 
and 1.3, respectively. 
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1.2 Applications of Single Wavelength Injection Locking 
Since the early 1980s, much work has been demonstrated to improve signal quality 
with the use of injection locking of semiconductor laser diodes, due to its simple 
setup and advantages as mentioned in the previous section. Examples of single 
wavelength injection locking include chirp reduction in directly modulated lasers [2], 
noise reduction and reshaping with simultaneous wavelength conversion using a 
D F B laser diode with side-mode injection [3], upstream re-modulation transmitter 
based on a Fabry-Perot laser diode that serves as a modulator such that the original 
downstream data can be suppressed while the upstream data can be transmitted [4], 
and optical mm-wave generation using side band injection locking . 
To further explore the advantages and applications of injection locking, multi-
wavelength injection locking has also been demonstrated. Several applications will 
be presented in the following section. 
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1.3 Applications of Multi-wavelength Injection Locking 
Multi-wavelength injection locked laser diodes can be a key device for optical 
communications and future all-optical networks due to its simplicity and various 
applications. Applications of multi-wavelength injection-locked laser diodes include 
wavelength conversion by simultaneously injection lock a Fabry-Perot laser diode 
with a C W light and a modulated signal at different modes [6], all-optical polarizer 
that can simultaneously realign the state-of polarization of two 10 Gb/s polarization-
scrambled signal [7], high speed all-optical packet switches constructed from a 
multi-wavelength mutual injection locked Fabry-Perot laser diode [8], and 
wavelength conversion together with format conversion using dual-wavelength 
injection locking of a Fabry-Perot laser diode [9]. 
Although the phenomenon has been extensively studied, multi-wavelength injection 
locking still has much room for development. In this thesis, properties of injection 
locking and its applications including multi-wavelength injection locking of Fabry-
Perot laser diodes for optical mm-wave and multi-wavelength pulse source 
generation have been studied and demonstrated experimentally. 
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1.4 Organization of Thesis 
The work of the thesis focuses on multi-wavelength injection locking. Based on the 
physical study on the characteristics of injection locking, several applications of 
multi-wavelength injection locking have been demonstrated. 
In Chapter 1, an overview of injection locking of semiconductor laser diodes and 
different applications of single wavelength and multi-wavelength injection locking of 
semiconductor lasers are described. These applications show that multi-wavelength 
injection locking of semiconductor lasers are of great interest of current research. As 
a result, there is a need to study the basic principle and theory of injection locking. 
Several advantages provided by injection locking have been studied in Chapter 2. In 
Chapter 3, the principle and theory of injection locking have been experimentally 
demonstrated. Several preliminary experiments have been carried out to study the 
properties and advantages offered by injection locking. 
Based on the physical properties of injection locking, a demonstration of applying 
tunable two-mode injection locking of a semiconductor laser to generate optical m m -
wave is presented in Chapter 4. This approach makes use of injection locking of a 
Fabry-Perot laser diode by a semiconductor optical amplifier dual wavelength ring 
laser to generate a cw optical mm-wave. Injection locking can be applied not only to 
a cw source, but it can also be used for pulse generation. In Chapter 5, two-mode 
injection locking of a pulsed Fabry-Perot laser diode has been demonstrated. To 
further increase the number of injection locking wavelengths, different approaches to 
generate multi-wavelength injection source have been studied in Chapter 6. Our first 
attempt is to generate a broad injection spectrum by filtering from the amplified 
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spontaneous emission of an erbium doped fiber amplifier; however, since the pass 
band of the optical filter is relatively broad, the injection output is not well defined. 
Our second approach is to generate a broad spectrum by self-phase modulation of 
short pulses in an optical fiber. With the broad spectrum and a loop mirror filter for 
comb filtering, a multi-wavelength pulse source has been generated by injection 
locking of a Fabry-Perot laser diode. The spectrally broadened and comb filtered 
injection source is dervied from a single D F B laser. Finally, a summary of the work 
in this thesis is presented in Chapter 7，along with some suggested future work based 
on multi-wavelength injection locking. 
7 
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2 PRINCIPLE AND THEORY 
This chapter describes the principle and theory of injection locking of Fabry-Perot 
laser diodes (FP-LDs). The basic principle is being explained and the properties of 
injection locking are discussed. 
Injection locking provides a simple means to modify laser output characteristics. For 
a FP-LD, multi-wavelength injection can be supported. The slave laser will emit 
output at the wavelengths that match with the injection light, with the added 
advantages of a reduction in amplitude modulation and a regulation in its output 
polarization. 
In this chapter, section 2.1 focuses on the basic principles of injection locking of a 
FP-LD. Section 2.2 explains the reduction of amplitude modulation by injection 
locking, when the injection light is under amplitude modulation. Section 2.3 
describes the repolarization of a randomly polarized light by injection locking. 
Section 2.4 discusses multi-wavelength injection locking of a FP-LD. Section 2.5 
discusses the working principle of a polarization maintaining fiber loop mirror filter, 
which serves as a key component in the experiments described in Chapter 5 and 
Chapter 6. Section 2.6 describes the phenomenon of self-phase modulation that 
governs the work presented in Chapter 6. 
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2.1 Principle of Injection Locking 
Shown in Figure 2. 1 is a schematic illustration of a simple injection locking 
approach. Consider a master laser source with an emission wavelength at A i, this 
master source is launched to a FP-LD through a polarization controller (PC) and an 
optical circulator for injection locking. Without injection, the FP-LD is in it free 
running state that emits light at several wavelengths. With injection, the FP-LD 
emits light at a wavelength that matches with the injection light. Hence, the FP-LD 
emission wavelength can be tuned by adjusting the injection wavelength from the 
master laser diode. 
T p T D ] 
PC I A l i i i j U W/0 Injection 
Master LD | — ^ ~ • 
: ^ ^ I WITH Injection 
A A 
入1 
Figure 2. 1 Schematic illustration of injection locking of a Fabry-Perot laser 
diode. 
Injection locking occurs when the incident wavelength is within the locking range of 
a longitudinal mode that is around 0.2 n m [1] and when the power is above the 
injection locking threshold. The locking threshold is the minimum power required 
for successful locking of the laser at a certain wavelength with all other unlocked 
wavelengths suppressed. Once the laser has been successfully locked, the output 
11 
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power will almost be kept constant even when the injection power is further 
increased. This phenomenon will be discussed in section 2.2. 
In addition, injection locking will induce a red shift of the output wavelength comb, 
which can be governed by equation 2.1. 
— = L (Eq.2.1) 
2n 
where L is the length of the laser cavity, m is the mode number, and n is the 
refractive index of the semiconductor. When light is injected into the cavity, it 
reduces the threshold carrier density and leads to an increase in the refractive index 
of the active region during lasing. Since the length of cavity will not change, an 
increase in refractive index will imply an increase in the output wavelength. Hence, 
a red shift in the longitudinal modes of the FP-LD will result. A number of 
applications of injection locking make use of this red shift of the output comb. 
Examples of which include inverting wavelength conversion for N R Z signal [1], 
non-inverting wavelength conversion for R Z signal [2], bistable laser and clock/data 
synchronization [3] and format conversion [4]. 
Shown in Figure 2. 2 is an illustration of the optical spectrum before and after 
injection locking. The figure shows that the injection locked FP-LD is locked at a 
single wavelength (ki) with unlocked wavelengths suppressed. Besides, it also 
shows a red shift of spectrum. 
J2 
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I I I 
I Free running FP-LD 
I ^ ^ JUUUUUU^UUUUUl 
I W . Side mode 个丨 \ e d shifted 
吾 suppressed ^ 
一 ^ A i l A l U U i A l A A _ t i o n locked FP-LD 
入1 
Figure 2. 2 Optical spectrum before and after injection locking 
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2.2 Amplitude Equalization by Injection Locking 
As mentioned in Section 2.1, injection locking occurs when the injection power is 
above the locking threshold (Pil). Once the laser has been successfully locked, the 
output power will keep almost constant even when the injection power is further 
increased. Figure 2. 3 illustrates the above phenomenon. 
0 I Injection p o w e r T p ^ a A I I I A A 
CO ① 
eg 




§ ^ ) 
蒼 i j M 1 Injection power > 
P^" I Injection 
f > locking 
J. occurs 
1 Injection power > > P | l 〉 
、 ^ 1 J 
Figure 2. 3 Injection locking occurs only when injection power is above the 
locking threshold (P//J. 
Figure 2. 4 shows a plot of the relationship between the output power and the 
injection power of a locking process. 
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乂 threshold P|l 
• 
Injection Power 
Figure 2. 4 Relation between output power and injection power in an injection 
locking process. 
From the above figure, when the injection power is increased from zero to the level 
below locking threshold, output power of the slave laser is kept at a relatively low 
level since the wavelength is not successfully locked. When the power is further 
increased to above injection locking threshold, the output power increases sharply 
that shows a locking of the slave laser. Output power is kept approximately at a 
certain level even the injection power is further increased. The locking characteristic 
is experimentally demonstrated and described in Chapter 3. 
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2.3 Repolarization by Injection Locking 
Injection locking offers the advantage of repolarization of injection light [5]. For a 
randomly polarized incident light, the T E component will be amplified with its 
intensity clamped and stabilized by injection locking if the power of the component 
is above the injection locking threshold. On the other hand, the T M component is 
suppressed. As a result, an injection locked FP-LD can be employed to repolarize 
randomly polarized injection light and generates T E polarized output. 
The FP-LD used supports both T E and T M mode emission during lasing, but due to 
its heterostructure, the FP-LD is favors the T E mode. The power of the T M mode is 
less than 0.1 % . Figure 2. 5 shows the spectrum with T E injection and T M injection. 
Figure 2. 5 (a) shows the injection locked characteristic while Figure 2. 5 (b) is the 
reflection spectrum of the FP cavity. 
-10 -20   
E' T E injection 坊 T M injection 
I .IS , 、 : M 、 广 
1 . \ / 
I -20 ： * 於. 乂 ： 
I ： \ \ 
I 芯 - • 
比 J ( a ) , , , I . . L M  
•0.6 0 . 1 - 0 3 0 0:1 0 4 O e - O S -0,4 -0,3 0 0 2 0,4 0.6 
Wavelength detuning (nm) 
Figure 2. 5 The output spectra of FP-LD when injected by CW signals at different 
wavelength which are detuned from the FP modes, (a) TE polarized (b) TM 
polarized CW signal. 
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Therefore, an injected light will have its TE component amplified with its intensity 
clamped, while its T M component is suppressed, such that a repolarization is 
obtained. Repolarization by injection locking is being experimentally demonstrated 
in Chapter 3. 
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2.4 Reduction of Relative Intensity Noise 
Injection locking can help to suppress the relative intensity noise by reduces 
unwanted fluctuation of the laser diode, which enhances the relation peaks when 
compare with the free-running laser diode. Theoretical calculation of the RIN 
spectra of an injection locked FP-LD has been earned out in 2000 [6]. 
The results of the theoretical calculation is as shown in Figure 2. 6. The total number 
of photons injected into the slave laser is denoted by Si is proportional to the 
injection power. 
- 9 0 ~ I ~ I ~ I ~ I ~ I I * I I I ‘ f 1 ~ r — 
-100 S|(X 1 0 ^ : ^ 3 ： 
1 ^ 1 1 0 • -
I JI S - ^ - " 5 ' 
- Free-running j\ 7 • 
5 - 1 3 0 : \ i y \ l \ 
-150 ^ ^ ^ ^ ^ ' ‘ ^ 5 ^ ^ ! ； ^ 
6 0 • • I I I I I I I I i — • i 
0 2 4 6 8 1 0 1 2 1 4 
Frequency (GHz) 
Figure 2. 6 Theoretical calculation of RIN spectrum of completely injection-
locked and free running lasers under different injection photon numbers. [6] 
18 
Mil Iti-wa velength injection lockins of semiconductor laser diodes and ... CHAPTER 2 
The theoretical calculation shows a decrease of the RIN and an enhancement of 
relaxation frequency with injection locking. The injected signal reduces the cavity 
gain and depleted the carrier density that decrease the spontaneous emission rate. 
This help to enhance the relaxation frequency. 
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2.5 Multi-wavelength Injection Locking 
Injection locking of FP-LDs supports a multi-wavelength operation. More than one 
wavelengths of the FP-LD can be simultaneously locked by the master laser diode. 
Figure 2. 7 illustrates multi-wavelength injection locking of a FP-LD. 
人 1 I LD1 I  
X^  I LD2 I I I FP-LD 
j 彻 @  
‘ 1 I LP n-1 I  
K I L P n I X 
Figure 2. 7 Multi-wavelength injection locking. 
As shown in Figure 2. 7, when multi-wavelength injection locking is to be 
performed, more than one single-wavelength laser diodes are needed to act as the 
master source. Those master laser diodes need to have their wavelength differences 
same as that of the FP-LD mode spacing or its multiples. The system is rather 
complicated and costly. As a result, it is of great interest to develop alternative and 
reliable sources for multi-wavelength injection locking to reduce the overall system 
complexity. 
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2.6 Polarization Maintaining Fiber Loop Mirror Filter 
Polarization maintaining fiber loop mirror filter (PMF-LMF), as shown in Figure 2. 
8，is a kind of comb filter that consists of a fiber loop mirror with a section of 
polarization maintaining fiber (PM fiber), a 50:50 coupler, and a polarization 
controller (PC). 
PM Fiber , ^ 
input light ^ output light 
-产 I j c . K m 
wavelength wavelength 
Figure 2. 8 PM fiber loop mirror filter. PM fiber: polarization maintaining fiber. 
In the operation, the input light is split into two counter-propagating branches by the 
50:50 coupler, which then recombines at the coupler again after traveling through the 
loop. The P C is used to control the peak-to-notch contrast of the wavelength comb 
and to fine-tune the exact locations of the transmission peaks. It is usually set to 
produce a pure rotation of nil for light coming from both directions [7]. As a result, 
the fast-axis component of the clockwise beam, after traveling in the P M fiber, will 
have its polarization changed by nil before reaching the coupler again. However, the 
counter-clockwise branch is first changed to the slow-axis component by the P C such 
that it travels along the slow-axis of the P M fiber. These two branches then interfere 
at the 50:50 coupler with a phase difference given by equation 2.2 
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�i T l A n L 
彻 二 ^ ^ r - (Eq. 2. 2) 
/i 
where An is the fiber birefringence, L is the length of the P M fiber, and A is the 
wavelength. Similarly, the orthogonal polarization component of the input, after 
split into two counter-propagating branches by the coupler, will travel in the fiber 
loop before they interfere. The transmission spectrum is a periodic function of 
wavelength and is described by equation 2.3 
T(A) = 0.5[1 - cos侧] (Eq. 2. 3) 
The transmission spectrum, as illustrated in Figure 2. 8, will have a mode spacing 
(AA) that is inversely proportional to the length of the P M fiber, given by equation 
2.4 
A i = — (Eq. 2. 4) 
AnL 
With this P M F - L M F acting as a comb filter, it is potentially useful in generating a 
multi-wavelength source from a broad and continuous spectrum for multi-
wavelength injection locking processes. 
2 2 
Mil Iti-wa velength injection lockins of semiconductor laser diodes and ... CHAPTER 2 
2.7 Self-phase Modulation 
When an intense optical pulse propagates through a nonlinear medium, it gains an 
additional phase due to the nonlinear index of refraction. Self-phase modulation 
gives rise to frequency chirp due to optical Kerr effect on high intensity optical 
pulses. The instantaneous frequency is a function of the rate of change of intensity 
of the pulse, as shown in Equation 2.5 
, �d d iKln^ dl �D 
⑴⑴=1=⑴厂 Y i (Eq.2.5) 
where nj is the nonlinear refractive index, L is the length of the nonlinear element. 
Incident Pulse Transmitted Pulse 
A • 
I A K ^ I Red A Blue 
I 八 K i - y ^ 
A Time Self-phase \ | 丁― 
p A modulation / ^ 
I I I \ 
——L\——^ y _ L W 
Wavelength Wavelength 
Figure 2. 9 Self-phase modulation and frequency shifts. 
Figure 2. 9 illustrates the self-phase modulation process. Consider a pulse envelope, 
the leading edge of the pulse has a positive slope, the peak has a zero slope, and the 
trailing edge of the pulse has a negative slope. Thus, from the above equation, the 
frequency shift near the peak of the pulse is zero. The leading edge will be red-
2 3 
Mil Iti-wa velength injection lockins of semiconductor laser diodes and ... CHAPTER 2 
shifted while the trailing edge will be blue-shifted. Combining the effects of chirp in 
both rising and falling edges, spectral broadening can be obtained by self-phase 
modulation. 
This spectrally broadened source can be sufficiently wide to cover several Fabry-
Perot modes of a FP-LD; hence, it is promising to be used as a multi-wavelength 
source for injection locking. 
24 
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3 PRELIMINARY EXPERIMENTAL STUDY 
In this chapter, the results of several preliminary experiments are being discussed. 
Part of the principles explained in the previous chapter are being experimentally 
investigated. Through these preliminary experiments, the principles behind the work 
in later chapters are briefly studied. Section 3.1 gives a brief description on the 
threshold of injection locking and the amplitude equalization property of injection 
locking. Section 3.2 presents the experimental result on the repolarization 
characteristic of injection locking. Section 3.3 and Section 3.4 describe the 
improvement in relative intensity noise (RIN) and spurious free dynamic range 
(SFDR) of an injection locked semiconductor laser, respectively. 
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3.1 Reduction of Amplitude Modulation 
Reduction of amplitude modulation is important in many areas, such as in clock 
recovery and in controlling the output uniformity of a rational harmonic mode-locked 
fiber laser. In clock recovery, reducing the pattern effect can allow us to obtain a 
higher quality recovered clock signal. In rational harmonic mode-locked fiber ring 
laser, high repetition rate optical pulses can be generated using relative low rate 
electronic drivers. However, the output pulse amplitudes obtained from this approach 
are usually non-uniform, and thus some methods to deal with pulse-amplitude 
equalization is needed. 
As mentioned in Chapter 2，injection locking can be employed to stabilize pulse 
amplitudes of the injection light. In this section, reduction of pulse amplitude 
modulation is experimentally demonstrated. 
Figure 3. 1 shows an experiment to determine the optimized bias level of the Fabry-
Perot laser diode (FP-LD) for a reduction of the pulse amplitude modulation. A 
pulse train at 10 G H z is generated by a gain-switched distributed feedback (DFB) 
laser diode. The pulses then pass through a variable optical attenuator and are 
launched to the FP-LD via a polarization controller and an optical circulator for 
injection locking. 
At different bias levels of the FP-LD, a pulse train at a range of power has been 
injected to the FP-LD. A plot of the injection locked FP-LD output power against 
the input power is shown in Figure 3. 2. 
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Figure 3. 2 Output power v^ Injection power. 
From the plot, it can be observed that when the FP-LD is biased at 1.11出，variation in 
the injection power can affect the output power intensity. When the FP-LD bias 
28 
Mil Iti-wa velength injection lockins of semiconductor laser diodes and ... CHAPTER 2 
level is increased to 1.3 Ith or 1.45 ！ ,^ variation in injection power will not severely 
affect the injection locked FP-LD output intensity. This is because the output 
intensity is already dominated by the FP-LD; hence, the effect of residual reflections 
from the laser facets is relatively small. In the following experiment, the bias level 
of the FP-LD is fixed at 1.45 Ith to obtain a better experimental result. 
Shown in Figure 3. 3 is the experimental setup to demonstrate the reduction of 
amplitude modulation using injection locking. 10 G H z pulses at a constant 
amplitude are generated from a gain-switched D F B laser diode. The pulses 
experience an amplitude modulation at the electro-optic modulator (EOM). This 
amplitude modulated pulses are then launched to a FP-LD through a polarization 
controller and an optical circulator to reduce the amplitude modulation by injection 
locking. 
( 2 ) 10 GHZ 
DFB RF modulate pp_|_Q 
V _ 0 0 0 _ _ ( h . 
output 
Figure 3. 3 Experimental setup on the reduction of amplitude modulation by 
injection locking. 
Figure 3. 4 illustrates the amplitude modulated pulses, the amplitude modulation 
percentage ( A M % ) is defined as 
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= xlOO% (3.1) 
M^AX 
where Vmax and Vmin are defined in Figure 3. 4. 
_ M Vmax 
l i M Vmin 
IIIIIIIIIIIIIIIIIIIIIIII 
Time 
Figure 3. 4 Amplitude modulation of pulses. 
Shown in Figure 3. 5 are two sets of experimental results, (a) i. is the one with 
amplitude modulation percentage of 21 % . After injection locking of the FP-LD, a 
reduction in the amplitude modulation percentage is observed. The output amplitude 
modulation percentage is reduced to 7.69% as shown in (a) ii. In (b), we show an 
example with a smaller initial amplitude modulation percentage. As shown in (b) i, 
the input amplitude modulation percentage is 8.78%. After undergoing injection 
locking of the FP-LD, the output amplitude modulation percentage reduced to 5.76% 
as shown in (b) ii. Hence, it can be concluded that a reduction of amplitude 
modulation occurs in both cases of large and small initial amplitude modulation 
percentages. 
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Figure 3. 5 Experimental results on the reduction of amplitude modulation. 
Response on different injected amplitude modulation percentages has also been 
studied as shown in Figure 3. 6. The black square curves are plotted for 10 G H z 
pulses, while the blank circle curves are plotted for 5 G H z pulses. The upper curves 
correspond to the output amplitude modulation percentage against the injected 
amplitude modulation percentage, while the lower curves are the improvement 
against the injected amplitude modulation percentage. From the lower curves, a 
larger improvement can be obtained for a larger injected amplitude modulation 
percentage. From the graph, we also observe that this approach works equally well 
for both 5 G H z and 10 G H z pulses. 
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Figure 3. 6 Response on different injected amplitude modulation percentages. 
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3.2 Repolarization 
As mentioned in Chapter 2’ injection locking can be used to repolarize the injection 
light. In this section, this phenomenon has been successfully demonstrated through 




Polarization • pop ^ Polarization 
DFB scrambler ~ "n analyzer 
OSA 
Figure 3. 7 Experimental setup for repolarization of a randomly polarized 
injection light. 
Output of the D F B laser diode is launched into a polarization scrambler to vary the 
polarization of the injection light. The SOP wanders randomly over the Poincare 
sphere as shown in Figure 3. 8 (a). After injection locking of the FP-LD, the state of 
polarization of the FP-LD output is confined to a small area on the Poincare sphere 
as shown in Figure 3. 8 (b) even when the polarization state of the injection light is 
varied randomly. From the figure, the state of polarization is not as well defined as 
expected, which is due to residual reflections of injection light from the slave laser 
facets. A more well defined state of polarization of the output light can be observed 
experimentally when the injection light power is reduced. 
From the experimental result, it can be concluded that repolarization of a randomly 
polarized injection light has been achieved. 




Figure 3. 8 Poincare sphere of (a) a randomly polarized injection light (b) 
repolarized output by injection locking. 
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3.3 Relative Intensity Noise and Relaxation Oscillation 
Frequency 
Much attention has been paid on the enhanced modulation bandwidth of injection 
locked semiconductor lasers. The scheme is very attractive since in achieving the 
bandwidth enhancement, no special laser device structure that involves complicated 
fabrication processes is needed. 
In this section, an increase of the relaxation oscillation frequency and a reduction of 
the intensity noise of the laser diode have been experimentally demonstrated. Figure 
3. 9 shows the experimental setup. 
FP-LD" 
P C 久 ^ 
Master L P ~ ^ — — ( Q ) (； ^ spectrum 
、 analyzer 
, O S A 
入1 
Figure 3. 9 Experimental setup of relative intensity noise (RIN) measurement. 
A FP-LD driven at 3 3 m A (1.21出)is injection locked to a D F B laser diode at -8 dBm. 
The injection locked output is divided into 2 paths by the 90:10 coupler. The 10% 
branch is directed to an optical spectrum analyser (OSA) to monitor the optical 
spectrum of the FP-LD, while the 90% output is launched to a photodetector and a 
R F spectrum analyser to measure the relative intensity noise (RIN) of the FP-LD. 
The RIN of the laser is measured by the RIN measurement function of the R F 
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Spectrum analyser. W e first obtain the RIN of a free running FP-LD by turning off 
the master laser diode, and the result is shown in the dotted curve of Figure 3. 10. 
When the master laser diode is turned on, the FP-LD is injection locked by the D F B 
laser diode. The suppression to non-lasing modes is over 30 dB with RIN shown in 
the solid curve of Figure 3. 10. 
- 1 0 0 
Free running 
• -110 - /、、、、 Injection locked 
I -120 - / 
-140 - V . 
-150 ‘ ‘ ‘ 
0 5 10 15 20 
Frequency (GHz) 
Figure 3. 10 Measured RIN of free running FP-LD (dotted curve) and injection 
locked FP-LD (solid curve). 
The curve shows that the relaxation oscillation frequency of the free-running slave 
laser is 2 GHz. With injection locking, the relative intensity noise at frequencies 
below 10 G H z is suppressed and the relaxation oscillation frequency increases to 14 
GHz. This increase in relaxation frequency implies that a better modulation response 
can be achieved by injection locking. This enhancement of the relaxation oscillation 
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peak is due to the increase of stimulated emissions compared to random spontaneous 
emissions in the case of injection locking. 
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3.4 Spurious Free Dynamic Range 
To determine the modulation response of the FP-LD, the spurious free dynamic 
range (SFDR) has been measured. The S F D R is defined as the ratio of the 
fundamental to the distortion power at the point when the distortion power crosses 
the noise floor [1]. Experimental setup to measure the S F D R of a FP-LD is shown in 
Figure 3. 11. 
® 
FP-LD 
P C 人 ^ ^ 
Master L D ~ ^ ( Q ) spectrum 
analyzer 
I 〇SA 
Figure 3. 11 Experimental setup to measure SFDR of the FP-LD. 
The FP-LD is biased at 33 m A (1.21出）and is gain-switched at 1 G H z with R F power 
varying from 2 d B m to 8 dBm. It is injection locked by a single-mode master laser 
at -3dBm. The injection locked output is divided into 2 paths by the 90:10 coupler. 
The 10% branch is directed to an optical spectrum analyser (OSA) to monitor the 
optical spectrum of the FP-LD, while the 90% output is launched to a high-speed 
photodetector and a RF spectrum analyser to measure the SFDR. The intensities of 
the fundamental tone at 1 G H z and its distortion tone at 3 G H z are measured and are 
plotted against the RF frequency. The data are then interpolated to cross the noise 
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floor. Figure 3.12 shows the S F D R of the free running and the injection locked FP-
LD. 
In Figure 3. 12, the dotted black line is the fundamental power as a function of R F 
input power while the dotted grey line is the third harmonic power as a function of 
R F input power for the case of a free running FP-LD. The S F D R was measured at 1 
G H z with the noise floor at -143 dBm/Hz, which results in a S F D R of 65dB. With 
injection locking, the fundamental power is indicated by the solid black line while 
the third harmonic power is indicated by the solid grey line, the resultant S F D R is 
82dB. 
I - 3 0 -
I - 7 0 , 
S . - 9 0 S F D R S B D A * 
^ -110 - = 65 dB , ^"82 d p / 
芸 - 1 3 0 ； ^ ^ Noise Floor 
〇 - 1 5 0 ^ ‘ ^ 
- 1 5 0 - 1 0 0 - 5 0 0 
RF Input Power (dBm) 
Figure 3. 12 Measured SFDR of the free running FP-LD {dotted lines) and the 
injection locked FP-LD (solid lines). 
This improvement is due to the increase of the photon density and the differential 
gain. The resonance frequency is also increased, which in turn reduces the distortion. 
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Thus, it can be concluded that injection locking can increase the modulation 
efficiency and reduce the non-linear distortion caused by carrier-photon interaction. 
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4 OPTICAL MM-WAVE GENERATION 
In previous chapters, the principle and the advantages offered by injection locking 
have been presented. In this chapter, an application of multi-wavelength injection 
locking is being demonstrated. 
Optical mm-wave generation has been experimentally demonstrated by making use 
of a Fabry-Perot laser diode (FP-LD) with two of its longitudinal modes injection 
locked to a tunable dual-wavelength semiconductor optical amplifier (SOA) ring 
laser. The output resulting from the beat note of the two modes shows a significant 
improvement in its tolerance to amplitude and polarization fluctuations of the ring 
laser source. An output frequency up to 3.22 THz has been demonstrated. 
The contents of this chapter is divided into 4 parts: Section 4.1 gives a brief 
introduction of optical mm-wave generation. Section 4.2 describes the experimental 
details and Section 4.3 will discuss the experimental results. Finally, Section 4.4 
gives a summary of this work. 
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4.1 Introduction 
Tunable millimeter and sub-millimeter waves on optical carriers have found wide 
applications in fiber-optic mm-wave radio [l]-[2], remote delivery of video services 
[3], optically fed phased array antennas [4], terahertz wave generation [5], and high-
frequency characterization of optical components [6]. Different methods have been 
proposed for the generation of optical m m and sub-mm waves. A common approach 
is based on the beating of two well-defined lasing modes. The dual-wavelength 
source can be realized from different schemes including synchronization of two 
separate laser diodes with an optical phase-locked loop [7], two-mode injection 
locking [8] and side-band injection locking [9] of laser diodes by means of phase 
modulation of the master source, a Fabry-Perot grating-lens external cavity laser 
[10], a dual-mode self-pulsating laser [11], a multi-section D B R laser diode [12], and 
cascadingly phase-locked laser diodes [13]. In this work, we propose an alternative 
scheme to produce optical sub-mm waves over a wide tuning range. This approach 
makes use of a FP-LD with two of its longitudinal modes injection locked to a 
tunable dual-wavelength S O A ring laser. The output resulting from the beat note of 
the two modes shows a significant improvement in its tolerance to amplitude and 
polarization fluctuations of the ring laser source. An output frequency up to 3.22 
THz has been demonstrated. 
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4.2 Experimental Details 
Figure 4. 1 illustrates the experimental arrangement on the generation of tunable 
optical sub-mm waves. The key elements are a dual-wavelength S O A ring laser and 
a 1.55 [im slave FP-LD. The threshold current Ith of the FP-LD is 30 m A and the 
longitudinal mode spacing is 1.72 nm. 
X 1 SOA I V 
BPF1 
r i T n P C 1 
厂 
50:50 J [ 5 ^ 0 • 
BPF2 
1 r r r i pc2 ” 
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Figure 4. 1 Experimental setup on optical sub-mm wave generation. SOA: 
semiconductor optical amplifier; BPFl and BPF2: band pass filters; PCI, PC2, and 
PC3: polarization controllers; FP-LD: Fabry-Perot laser diode; EDFA: erbium-
doped fiber amplifier. 
The dual-wavelength ring cavity consists of a S O A biased at 140 m A , two 
polarization controllers (PCI and PC2), and two tunable Fabry-Perot filters (BPFl 
and BPF2) of around 0.7 n m bandwidth. PCI and PC2 are adjusted such that the 
S O A ring laser oscillates continuously at the wavelengths determined by the tunable 
filters with output power at -8.5 dBm. The ring laser output is adjusted to injection 
lock two different longitudinal modes of the FP-LD, which is biased at 1.2 Ith. 
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Hence, the FP-LD emits radiation at the two locked wavelengths (A-1 and 12) and the 
output is subsequently amplified with an erbium-doped fiber amplifier (EDFA). The 
wavelengths beat to generate an optical sub-mm wave that is measured by a second 
harmonic autocorrelator. The output frequency is determined by the wavelength 
difference AX. between the two locked modes, and can be tuned easily by adjusting 
the tunable filters in the S O A ring laser. 
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4.3 Results and Discussion 
The optical spectra of the tunable outputs obtained from the injection-locked laser 
diode are shown in Figure 4. 2(a). The side-mode-suppression ratio (SMSR) is found 
to be over 24 dB. The measured autocorrelation traces are shown in Figure 4. 2(b). 
The spacings between the two lasing wavelengths are 10.38 nm, 17.25 nm, 22.44 nm, 
and 25.75 n m and the corresponding beat frequencies determined from the 
autocorrelator output are 1.30 THz, 2.16 THz, 2.81 T H z and 3.22 THz. In this 
experiment, the highest frequency of sub-mm wave that can be generated is limited 
by the gain bandwidth of the FP-LD and the tuning range of the band pass filters. 
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Figure 4. 2 (a) Optical spectra showing the dual-wavelength output; (b) 
Corresponding autocorrelation traces of the optical sub-mm waves. 
To investigate the improved tolerance of the scheme to optical power variation and 
polarization fluctuations, results obtained by injection locking has been compared 
with those obtained from direct generation of sub-mm waves using the dual-
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wavelength S O A ring laser. To perform the experiment without injection locking of 
the FP-LD, the components between point B and point C in Figure 4. 1 are replaced 
by a section of single-mode fiber. Figure 4. 3(a) depicts the 3.22 THz beat note 
generated directly from the S O A ring laser and measured under different 
experimental conditions, while Figure 4. 3(b) are the corresponding outputs obtained 
with dual-mode injection locking of the FP-LD. The traces Figure 4. 3(a)i and 
Figure 4. 3(b)i are the outputs generated under normal operating conditions. The 
results obtained from both cases are nearly the same. When X\ power is diminished 
by introducing attenuation at point A of Figure 4. 1，the normalized amplitude of the 
sub-mm wave decreases to 0.6 in the absence of injection locking, as shown in trace 
Figure 4. 3(a)ii. With the same attenuation introduced for both Xi and X2 at point B, 
the normalized amplitude also drops to 0.6 and the result is shown in trace Figure 4. 
3(a)iii. When injection locking is applied, the above two cases will not lead to a 
decrease in the sub-mm wave amplitude. Traces Figure 4. 3(b)ii and Figure 4. 3(b)iii 
show that the output amplitude remains unchanged despite the power fluctuations of 
either one or both of the selected wavelengths in the ring laser. In addition to its 
immunity to amplitude noise, this scheme has the added advantage of repolarizing 
the beat note to T E mode of the slave FP-LD by means of injection locking [14]. 
When the polarization is scrambled at point A, the sub-mm wave is deformed and the 
normalized amplitude is reduced to 0.7 in the absence of injection locking. The beat 
note is shown in trace Figure 4. 3(a)iv. Similarly, when the polarization is scrambled 
at point B, the sub-mm wave is again deformed and has a normalized amplitude of 
0.6. The result is displayed in trace Figure 4. 3(a)v. However, when the polarization 
scrambled dual-wavelength output is directed to the FP-LD for injection locking, the 
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output is not severely affected. The normalized amplitude remains almost 
unchanged, as shown in traces Figure 4. 3 (b)iv and Figure 4. 3 (b)v. 
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Figure 4. 3 Sub-mm wave generated at 3.22 THz (a) Without injection locking; 
(b) With injection locking, i. normal operating conditions, ii. power attenuated at 
point A, Hi. power attenuated at point B, iv. polarization scrambled at point A, v. 
polarization scrambled at point B. 
The immunity to amplitude noise of this generation scheme can be explained by the 
threshold behavior of optical injection locking. Figure 4. 4 plots the output power of 
the selected wavelengths in the injection-locked FP-LD versus the incident power. 
When the incident power is higher than the injection locking threshold at -13 d B m , 
the FP-LD output power is kept within a 1 dB variation for an incident power 
variation of 10 dB. Hence, with injection locking, the amplitude of the 3.22 T H z 
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Figure 4. 4 Injection locking characteristic of the FP-LD. Pn indicates the 
injection locking threshold. 
The stabilization of the output polarization in the scheme has been further 
investigated by analyzing the polarization state of the sub-mm wave in the Poincare 
sphere. Figure 4. 5(a) and Figure 4. 5(b) display the results when the polarization is 
scrambled for the cases without and with injection locking of the FP-LD, 
respectively. It is clear that the injection locking scheme plays an important role in 
the repolarization of the scrambled output, thus confining the polarization state to a 
very small region in the Poincare sphere. 
< 
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Figure 4. 5 Poincare sphere of the sub-mm wave under polarization scrambled 
condition, (a) Without injection locking, polarization scrambled all over the sphere, 
(b) With injection locking, polarization confined to a small area. 
From the figure, the state of polarization is not as well defined as expected, which is 
due to the reflections of injection light from the slave laser facets. A more well 
defined state of polarization of the output light can be observed experimentally when 
the injection light power is reduced. 
A widely tunable sub-mm wave with a stable amplitude and a well-defined 
polarization can be generated with the above setup. The principle of dual-
wavelength injection locking can also be applied for a remote control on the 
generation of optical sub-mm waves. When the dual-wavelength output from the 
ring laser is transmitted over a long fiber span, the light becomes attenuated and has 
a random polarization. Upon injection locking on the slave FP-LD, the amplitude 
noise and polarization fluctuation can be reduced at the receiver end. Also, the 
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scheme is insensitive to wavelength drift of the ring laser as long as the detuning is 
within the locking range of longitudinal modes in the slave FP-LD. 
Phase stability of the mm-wave can be measured by directing the output with the two 
injection locked wavelengths to a high speed photodetector connected to a RF 
spectrum analyzer. However, since the lowest output frequency is still far beyond 
the bandwidth of the photodetector and the RF spectrum analyzer that can be 
accessed. The phase stability of the mm-wave generated by the above approach has 
not been measured. 
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4.4 Summary 
By exploiting the enormous gain bandwidth of a semiconductor optical amplifier and 
constructing a dual-wavelength ring laser, generation of widely tunable optical sub-
m m waves from 1.30 to 3.22 THz has been experimentally demonstrated. With the 
dual-wavelength S O A ring laser source, we can eliminate the use of two separate 
master laser diode for injection locking. The tuning range of the two wavelength 
depends on the tuning range of the optical bandpass filter which is around 30 nm, 
and also depends on the gain bandwidth of the S O A which is around 45 nm. As a 
result, a widely tunable dual-wavelength injection source can be obtained. Using the 
threshold behavior and the re-polarization property of optical injection locking, 
improved tolerance to amplitude noise and polarization fluctuations have been 
demonstrated by two-mode injection locking of a FP-LD. Hence, the approach 
promises to provide a reliable source for the generation of optical sub-mm waves 
over a wide tuning range. 
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5 TWO-MODE INJECTION LOCKING FOR 
WAVELENGTH-TUNABLE PULSE 
GENERATION 
Two-mode injection locking of a FP-LD under cw operation has been demonstrated 
in Chapter 4. To further explore the applications of multi-wavelength injection 
locking, a pulsed FP-LD is being used as the slave laser in this chapter. 
The contents of this Chapter are divided into 4 parts: Section 5.1 gives a brief 
introduction of two-wavelength injection locking for pulse generation. Section 5.2 
describes the experimental details and Section 5.3 will discuss the experimental 
results. Finally, Section 5.4 gives a summary of this chapter. 
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5.1 Introduction 
Multi-wavelength pulse sources have found important applications in optical sensing, 
optical measurements, and wavelength-division-multiplexing ( W D M ) 
communication systems [l]-[6]. Among the multi-wavelength lasers, dual-
wavelength lasers are especially useful for generation of high bit rate soliton pulses 
[7], generation of narrowband radio to terahertz radiation [8] and differential 
absorption measurements [9]. In this work, dual-wavelength 5 G H z pulses has been 
demonstrated by injection locking of a gain-switched Fabry-Perot laser diode (FP-
LD) with a filtered amplified spontaneous emission (ASE) injection source. T w o 
different types of light injection to the FP-LD are being studied in two sets of 
experiment. The first type of injection light is an erbium doped fiber amplifier 
(EDFA) A S E source filtered by a 2 nm band-pass filter. When this filtered source is 
further directed to a loop mirror comb filter to suppress those wavelengths that do 
not match with the longitudinal modes of the slave laser, we obtain the second type 
of injection source. A comparison of the effects of these two different sources on the 
injection locked output is being carried out. 
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5.2 Experimental Details 
The experimental setup to generate dual-wavelength pulses is shown in Figure 5. 1. 
A filtered A S E source is launched to the FP-LD via a polarization controller and an 
optical circulator for injection locking. The threshold of the FP-LD is 23 m A with a 
mode spacing of 1.0 nm. The FP-LD is gain-switched at 5 G H z and the D C bias is 41 




Filtered ASE source ^ ( Q ) • output 
Figure 5. 1 Experimental setup of dual-wavelength pulse source generation by 
injection locking with a filtered ASE source. PC: polarization controller; FP-LD: 
Fabry-Perot laser diode. 
In this experiment, two A S E sources are being used for injection locking. The first 
one is an A S E source derived from an E D F A and is filtered by a band-pass filter with 
a 3-dB bandwidth of 2 nm. 
The second injection source is similar to the first one, except that the A S E source is 
allowed to enter a loop mirror comb filter. The loop mirror filter consists of 8.2 m 
polarization maintaining fiber (PM fiber) and a polarization controller. The filter has 
a comb spacing of 0.99 n m and a peak-to-notch contrast ratio of more than 20 dB. 
The overall setup of the experiment is as shown in Figure 5. 2. 
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8.2 m PM Fiber Q 
BPP Q [ i 
EDFA 《 ~ S ： • output 
— loop mirror filter ^ ^ 
Figure 5. 2 Experimental setup of dual-wavelength pulse source generation by 
injection locking of a FP-LD by a 2nm-filtered ASE and comb filtered source. 
EDFA: erbium-doped fiber amplifier; BPF: band-pass filter; PM Fiber: polarization 
maintaining fiber; PC1-PC2: polarization controller; FP-LD: Fabry-Perot laser 
diode. 
PCI is used to control the peak-to-notch contrast of the wavelength comb and to 
fine-tune the exact locations of the transmission peaks. The transmission spectrum is 
a periodic function of wavelength. The filter is used to suppress those wavelengths 
that do not match the longitudinal modes of the slave FP-LD. 
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5.3 Results and Discussion 
The A S E from the E D F A is passed to a 2 n m band-pass filter, and the filtered output 
is shown in Figure 5. 3. 
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w 1 
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Figure 5. 3 ASE output from EDFA filtered by a 2nm band-pass filter. 
This filtered output is then launched to the FP-LD for injection locking. The FP-LD 
is biased at 41 m A and is gain-switched at 5 GHz. The spectrum of the free-running 
laser diode is shown by the grey curve in Figure 5. 4. T w o wavelengths are 
simultaneously injection locked by the A S E source. The injection locked output is as 
shown by the black curve in Figure 5. 4. As shown in the figure, the main mode of 
the FP-LD has been suppressed by 16 dB. Also, the suppression over the non-lasing 
modes is over 20 dB. It is noted that some power remains at the spectral location 
between the two locked wavelengths, and is caused by optical reflections of the 
spectrally continuous, 2-nm wide injection light. 
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1530 1540 1550 1560 
Wavelength (nm) 
Figure 5. 4 Injection locked output by a 2-nm filtered ASE source. Grey curve: 
gain-switched free running FP-LD. Black curve: Injection locked FP-LD. 
To suppress the undesired wavelength between the two locked modes, the injection 
light is therefore directed to a P M fiber loop mirror filter before launched to the FP-
LD. The loop mirror filter provides a spectral comb that helps to suppress those 
wavelengths that do not match with the FP-LD modes. Figure 5. 5 shows the comb 
filtered injection light at 2.96 dBm. 
This comb filtered output is then launched to the FP-LD for injection locking. Same 
as before, the FP-LD is gain-switched at 5 G H z and has a D C bias of 41 m A . The 
spectrum is shown by the grey curve in Figure 5. 5. T w o wavelengths are 
simultaneously locked by the injection light, and the output is shown by the black 
curve in Figure 5. 6, the output power is -1.25 dBm. As shown in the figure, the 
main mode of the FP-LD has been suppressed by 21 dB. The non-lasing mode 
suppression ratio is 25 dB. Besides, the suppression of wavelength between the two 
locked modes increases to 30 dB. 
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Figure 5, 6 Injection locked output using a comb-filtered ASE injection source. 
By adjusting the band-pass filter, different sets of wavelengths can be locked as 
shown in Figure 5. 7. As shown, the suppression of non-lasing modes is weaker 
when the locked modes are further away from the gain peak of the FP-LD. The 
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suppression ratio can be enhanced by increasing the intensity of the injection light in 
locking the modes that is near the edge of the gain curve. The tunable range of the 
dual-wavelength output mainly depends on the tuning range of the band-pass filter 
and the gain bandwidth of the FP-LD. Using this approach, tunable dual-wavelength 
pulse source can be simply and efficiently generated. 
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Figure 5. 7 Wavelength tuning of the injection locked output. 
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5.4 Summary 
Using a filtered ASE source as the master source for injection locking, a dual-
wavelength 5 G H z pulse source has been successfully demonstrated. The pulse 
source shows an improvement in non-lasing mode suppression ratio and the 
undesired wavelength between the two locked modes can also be suppressed by the 
use of a P M fiber loop mirror filter. The randomly polarized nature of the ASE 
source can be improved by the repolarization property of injection locking of FP-LD. 
The output wavelengths are tunable by simply adjusting the passband of the filter in 
the master source. 
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6 MULTI-WAVELENGTH INJECTION LOCKING 
USING A POLARIZATION MAINTAINING 
FIBER LOOP MIRROR FILTER 
In Chapter 4 and Chapter 5, we describe the demonstrations on two-mode injection 
locking of a cw and a pulsed Fabry-Perot laser diode (FP-LD), respectively. To 
further increase the number of injection locked wavelengths, a multi-wavelength 
laser source that can match with the FP-LD longitudinal modes is being investigated. 
In the preliminary studies of this Chapter, a multi-wavelength injection source is 
demonstrated by filtering from the A S E of an erbium doped fiber amplifier (EDFA) 
with an 8 n m band-pass filter. However, since the edge of the optical filter is not 
sharp enough, the multi-wavelength injection source is not suitable to be used for 
injection locking at distinct wavelengths 
A new technique to generate multi-wavelength 10 G H z pulses has been 
experimentally demonstrated by injection locking of a FP-LD with a single 
distributed feedback (DFB) laser diode master source. The outputs at different 
wavelengths are phase-locked to the same master laser and exhibit an improved 
tolerance to its wavelength drift. The wavelengths and the number of channels are 
easily adjustable, and the maximum frequency is not significantly affected by the 
packaging parasitics of the d.c. biased slave FP-LD. 
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The contents of this Chapter is divided into 5 parts: Section 6.1 gives a brief 
introduction on multi-wavelength pulse source. Section 6.2 presents the preliminary 
studies on the generation of a multi-wavelength injection source. Section 6.3 
describes an improved approach to generate our injection source together with the 
experimental details. The experimental results are discussed in Section 6.4. Finally, 
Section 6.5 gives a summary of our work. 
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6.1 Introduction 
W e have mentioned in the previous chapter that multi-wavelength pulse sources are 
important in optical sensing, optical measurements, and wavelength-division-
multiplexing ( W D M ) communication systems. Examples of such sources include 
mode-locked lasers constructed with a semiconductor optical amplifier [l]-[3], two-
section laser diodes operated under subharmonic mode-locking [4] [5], and optical 
ring lasers driven under pulsed serrodyne modulation [6]. 
In this work, a multi-wavelength source is firstly generated by band-pass filtering 
from the A S E of an erbium doped fiber amplifier (EDFA) together with optical 
comb-filtering. However, since this source is not suitable for multi-wavelength 
injection locking, another approach to generate multi-wavelength source is 
demonstrated. 
A new technique to generate multi-wavelength 10 G H z pulses by injection locking of 
a FP-LD with a D F B laser diode master source has been demonstrated. The outputs 
at different wavelengths are phase-locked to the same master laser and exhibit an 
improved tolerance to its wavelength drift. The wavelengths and the number of 
channels are easily adjustable, and the maximum frequency is not significantly 
affected by the packaging parasitics of the d.c. biased slave FP-LD. 
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6.2 Preliminary Study of the Generation of Multi-
wavelength Injection Source 
To generate a multi-wavelength injection source, the A S E source from an E D F A is 
being filtered by a 8 n m band-pass filter and a polarization maintaining fiber loop 
mirror comb filter (PMF-LMF). The experimental setup for the multi-wavelength 
injection source is shown in Figure 6. 1. 
PM Fiber 
BPF ^ ^ T c ^ 
. . M 
I d f ^ ^ — S 八 • 
Figure 6. 1 Experimental setup of multi-wavelength injection source generation 
by filtered ASE from an EDFA. PM fiber: polarization maintaining fiber. 
The A S E from an E D F A is filtered by a 8 n m band-pass filter and is comb filtered by 
a P M F - L M F . The optical isolator is used to prevent undesired optical reflections 
from the P M F - L M F . The P M F - L M F consists of a polarization controller (PCI) and 
8.2 m of polarization maintaining fiber (PM fiber). The multi-wavelength output for 
injection locking is depicted in Figure 6. 2. As shown, the number of generated 
wavelengths cannot be well defined, as limited by the sharpness of the edge of the 
filter. A wavelength tuning of the source is shown in Figure 6. 3. 
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Figure 6. 2 Multi-wavelength injection source generated by filtering of an ASE 
source. 
I -
I I  
1525 1545 1565 
Wavelength (nm) 
Figure 6. 3 Wavelength tuning of the multi-wavelength injection source. 
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Due to the broad transmission bandwidth of the 8nm band-pass filter and the non-
uniform envelope of the ASE, the tuning of wavelength is difficult to be performed 
and the desired range of wavelengths is not distinct. This generated source is 
therefore not suitable for use in multi-wavelength injection locking. In the following 
section, another approach to generate multi-wavelength injection source is being 
investigated. Multi-wavelength injection locking has also been successfully 
demonstrated. 
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6.3 Experimental Details 
The experimental setup to generate multi-wavelength pulses is shown in Figure 6. 4. 
A 1548.47 nm D F B laser diode is directly modulated at 10 G H z and the output 
pulses are compressed to 16.7 ps with 500 m dispersion-compensated fiber (DCF). 
The compressed pulses are then amplified by an E D F A and are subsequently directed 
to 10 k m dispersion-shifted fiber (DSF) to introduce a broadening of the laser 
linewidth by self-phase modulation. Two optical isolators are used in the setup to 
block the undesirable optical reflections. 
D C F 
广 _ _ ^ — — I D F B 
E D F A . 、 
——~ [ PM Fiber 、 
3 d s f 1 ( \ I 
i V S ^ i 
f 丨 9 0 : 1 0 i I FP-LD 
_ i A i P C 2 ^ 
丨、PMF-LMF / ^ o u t p u t 
� X 
Figure 6. 4 Experimental setup on multi-wavelength 10 GHz pulse generation. 
DFB: distributed-feedback laser diode; DCF: dispersion compensated fiber; EDFA: 
erbium-doped fiber amplifier; DSF: dispersion shifted fiber; PM Fiber: polarization 
maintaining fiber; PMF-LMF: polarization maintaining fiber loop mirror filter; PCI 
and PC2: polarization controllers; FP-LD: Fabry-Perot laser diode. 
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A polarization maintaining fiber loop mirror filter (PMF-LMF) [7]-[10], shown in 
the dotted box in Figure 6. 4, consists of a fiber loop mirror with 8.2 m polarization 
maintaining fiber (PMF), a 50:50 coupler, and a polarization controller (PCI). The 
filter is used to suppress those wavelengths that do not match the modes of the slave 
FP-LD. PCI is used to control the peak-to-notch contrast of the wavelength comb 
and to fine-tune the exact locations of the transmission peaks. The transmission 
spectrum is a periodic function of wavelength and is described by equation 6.1. 
r(/l) = 0 . 5 [ l - c o s _ (Eq. 6. 1) 
where phase difference. The birefringence of the P M fiber is 2.98x10"'^  and the 
comb spacing of the P M F - L M F is 0.99 nm. The parameters match well with the 
comb spacing equation as described in equation 6.2. 
= — (Eq. 6. 2) 
AnL 
The pulsed light is then injected into a FP-LD via PC2 and an optical circulator. 
Since the injection light is a pulsed light, a d.c. biased FP-LD is used instead of a 
pulsed FP-LD. Multi-wavelength 10 G H z pulses are thus obtained from the 
injection-locked output. 
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6.4 Results and Discussion 
Figure 6. 5(a) displays the optical spectrum of the D F B pulses before they are 
directed to the E D F A . The inset shows the temporal profile of the compressed pulses. 
After undergoing amplification in the E D F A and self-phase modulation in the DSF, 
the pulses develop a broadened spectrum with a 10-dB spectral-width of 4 nm, as 
shown in the dotted curve in Figure 6. 5(b). With the PMF-LMF, a wavelength 
comb is introduced and the filtered spectrum is shown as the solid curve in Figure 6. 
5(b). It is noticed that five of the wavelengths are selected within the broadened 
spectrum. 
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Figure 6. 5 Optical spectrum (a) DFB laser output after DCF; inset: 
corresponding pulse profile, (b) dotted curve: spectrally broadened DFB output after 
self-phase modulation; solid curve: DFB output after the loop mirror filter. 
The optical spectrum of the injection locked FP-LD is indicated by the solid curve in 
Figure 6. 6(a), while the dotted curve depicts the spectrum of the free-running FP-LD. 
With injection locking, the main mode of the free-running FP-LD has been 
suppressed by 30 dB. In addition, five side-modes are selected, each with above 15 
dB suppression over other non-selected modes. The output power is at -4.12 dBm. 
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Figure 6. 6(b) depicts the multi-wavelength 10 G H z pulses with a width of 29.1 ps. 
The increased amplitude noise and pulse width are caused by the limited frequency 
response of the FP-LD, as well as undesirable reflections of the injection pulses from 
the FP-LD facets. The 5 output wavelengths can be individually filtered out to 
produce a 5x10 G H z synchronized pulse source. The spectrum of an individual 
component at 1548.64 n m is shown in Figure 6. 6(c), while the corresponding pulse 
profile is displayed in Figure 6. 6(d). 
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Figure 6. 6 (a) dotted curve: optical spectrum of the free running FP-LD; solid 
curve: optical spectrum of the injection locked FP-LD. (b) pulse profile of the 
injection locked FP-LD. (c) optical spectrum of a single filtered wavelength, (d) 
corresponding pulse profile of the single wavelength. 
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From Figure 6. 6(b), frequency chirp is present and is due to self-phase modulation. 
The frequency chirp has been partially transferred to the output but has also been 
improved by injection locking. 
Figure 6. 7 (a) is the eye diagram of the injection light being modulated by a 10 Gb/s 
P B R S signal, while Figure 6. 7 (b) is the injection locked output under injection of 
the modulated light. Using the injection locking output as the modulation source, a 
suppression of the low level can be seen. Also, the eye is more open than using the 
source without injection locking. 
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Figure 6. 7 Eye diagram (a) injection signal (b)injection locked FP-LD. 
This multi-wavelength generation scheme offers the capability of wavelength tuning. 
By adjusting the D F B laser emission wavelength, different modes can be selected 
from the FP-LD through injection locking. The locked modes can be shifted by one 
wavelength spacing when the D F B wavelength is thermally tuned from 1548.78 nm 
to 1549.68 nm. The result is shown in Figure 6. 8. 
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Figure 6. 8 Optical spectrum of the injection locked FP-LD showing tuning of the 
multi-wavelength output. The injection laser pulses are centered at Ao = 1548.78 and 
1549.68 nm. 
The number of locked modes can also be controlled by adjusting the E D F A power 
that governs the amount of self-phase modulation in the DSF. Figure 6. 9 plots the 
number of generated wavelengths against the E D F A output power. As expected, a 
higher power results in injection pulses of a larger spectral width, hence giving rise 
to a larger number of generated wavelengths. The maximum number of wavelengths 
obtained in this experiment is 7 and is predominantly limited by the gain of the 
E D F A . 
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Figure 6. 9 The number of injection-locked FP-LD modes against the EDFA 
pump power. 
The broadened spectrum of the D F B injection pulse source is also a distinct feature 
of this scheme. With the broadened input, a slight drift in the D F B wavelength or the 
frequency comb of the P M F - L M F will not significantly affect the injection locking 
characteristic of the FP-LD, hence resulting in a higher tolerance of the system to 
environmental disturbances. In this experiment, the wavelength detuning range is 
determined to be 0.65 nm, corresponding to an improvement of 23% compared to the 
conventional injection locking scheme. 
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6.5 Summary 
Using a single D F B laser diode as the master source for injection locking, 
synchronized generation of multi-wavelength 10 G H z pulses has been successfully 
demonstrated. With the adoption of a spectrally broadened injection source, this 
scheme also offers a higher tolerance to the wavelength drift caused by 
environmental noises. The output wavelengths are tunable and the number of 
wavelengths can be simply adjusted by controlling the extent of self-phase 
modulation in the DSF that determines the spectral broadening of the injection pulse. 
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7 CONCLUSION AND FUTURE WORK 
In the previous chapters, the principle of injection locking has been described and 
several new applications have been proposed and experimentally investigated. In 
this chapter, a brief conclusion on the thesis is presented with some suggested future 
work that can be done to enhance the overall performance. 
The contents of this Chapter are divided into two parts: Section 7.1 gives a 
conclusion of the thesis. Section 7.2 lists some suggestions on future work that is 
related to the experiment work presented in this thesis. 
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7.1 Conclusion 
The thesis focuses on injection locking of semiconductor laser diodes and its 
applications. The principle and theory of injection locking of Fabry-Perot laser 
diodes (FP-LDs) have been experimentally studied. New demonstrations and 
applications of multi-wavelength injection locking have also been presented. 
Injection locking provides a simple means to modify the laser output characteristics 
and exhibits the advantages of a reduction of amplitude modulation and a regulation 
of polarization. It has further been demonstrated that with injection locking, the laser 
relaxation oscillation frequency can be increased. This enhancement improves not 
only the laser performance for high speed digital applications, but also increases the 
spurious free dynamic range (SFDR) for analog applications. 
By exploiting the enormous gain bandwidth of a semiconductor optical amplifier and 
constructing a dual-wavelength ring laser, generation of widely tunable optical sub-
m m waves from 1.30 to 3.22 THz has been experimentally demonstrated. Using the 
threshold behavior and the re-polarization property of optical injection locking, 
improved tolerance to amplitude noise and polarization fluctuations have been 
demonstrated by two-mode injection locking of a FP-LD. Hence, the approach 
promises to provide a reliable source for the generation of optical sub-mm waves 
over a wide tuning range. 
Apart from injection locking of a dc biased FP-LD, the locking can also be applied to 
a pulsed slave laser. Using filtered A S E as the master source for injection locking, a 
dual-wavelength 5 G H z pulse source has been successfully demonstrated. The pulse 
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source shows an improvement in the suppression of non-lasing modes. The undesired 
power remained between the two locked modes can also be suppressed by the use of 
a polarization-maintaining fiber loop mirror filter. The output wavelengths are 
tunable simply by adjusting the pass-band of the optical filter used in the injection 
source. 
To further increase the number of locked wavelengths, a broad spectral source is 
needed for multi-wavelength injection locking. Using a single D F B laser diode as 
the master source for injection locking, synchronized generation of multi-wavelength 
10 G H z pulses has been successfully demonstrated. With the adoption of a spectrally 
broadened injection source, this scheme also offers a higher tolerance to the 
wavelength drift caused by environmental noises. The output wavelengths are 
tunable and the number of wavelengths can be simply adjusted by controlling the 
extent of self-phase modulation in the dispersion-shifted fiber that determines the 
spectral broadening of the injection pulse. 
By working on the above experiment with the use of different FP-LDs, we've found 
that the choice of the slave FP-LD will determine the performance of the injection 
locked laser output. Several factor affecting the injection locking output include gain 
profile of the FP-LD, coating of the FP-LD facets, structure of the FP-LD, etc. 
Since the output power of an injection locked FP-LD is determined by the biasing 
level of it. At certain bias, the output power of different wavelengths of the FP-LD is 
different, as a result, with a FP-LD of flat and wide gain profile, the output power of 
multi-wavelength injection locked output will be more equal than those with a 
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narrow gain profile. Besides, as mentioned in previous chapters, if we can apply A R 
coating on the incident facet of the FP-LD, the reflection that affect the quality of the 
injection locked output can be improved. To retain the characteristic of a FP-LD, 
when A R coating is applied to the incident facet, H R coating is also needed to apply 
to maintain the net gain of the cavity. Therefore, an optimised AR-HR coating ratio 
is needed to optimise the output. To enhance the repolarization characteristic of 
injection locking of FP-LD, the structure of the slave FP-LD is important. The 
suppression of T M mode inside the laser diode is dependent on the width to height 
ratio of the laser diode. To optimise the performance, a FP-LD with suitable width to 
height ratio of the laser diode is needed. 
In practical injection locking applications, the stabilization of FP-LD temperature is 
very important because many of the injection locking characteristic is temperature 
dependent. For example, when temperature shift, the output wavelength of the laser 
diode will also shift, that lead to a variation in amplitude and wavelength of the 
output. Besides, the flexibility of injection locking of FP-LD is not high in terms of 
injection wavelength. Since the mode spacing of a FP-LD is difficult to tailor made 
to a specific and accurate value, one should use the system to match with the 
wavelengths of the FP-LD or need to pick up one FP-LD from a large batch of 
diodes in order to get one that best fits the whole system. 
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7.2 Future Work 
Based on our investigations described in the previous chapters, additional efforts can 
be made to further improve the performance of the work. W e summarize below 
some suggestions for future work: 
1. As mentioned in Chapter 4，the phase stability of the mm-wave has not been 
measured because the lowest output frequency is still far beyond the 
bandwidth of the photodetector and RF spectrum analyzer that can be 
accessed. By using a FP-LD with a closer mode spacing, phase stability can 
in principle be measured by directing the output with the two injection locked 
wavelengths to a high speed photodetector connected to a RF spectrum 
analyzer. 
2. The phase stability of the generated mm-wave described in Chapter 4 will be 
relatively poor since no phase locking is performed between the two beating 
wavelengths. The purity of the beating tone can be enhanced by adding an 
optical phase locked loop that provides feedback to regulate the phase of the 
wavelength source. 
3. In the case when an optical phase locked loop is not available, a coherent 
dual-wavelength source can also be used for injection locking of a FP-LD. 
The coherent source can be obtained from the side-bands of a phase 
modulated single-wavelength source, or can be derived from a Brillouin-
enhanced four-wave-mixing output. 
4. In Chapter 5, the wavelength tuning of the dual-wavelength output is 
performed by manually tuning the pass band of the optical filter. Dynamic 
tuning of the dual-wavelength output can be performed electrically or 
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Optically by replacing the band-pass filter with an electrically or optically 
controlled filter. 
5. In Chapter 6，the linewidth and the pulse width of the multi-wavelength 
injection locked output are relatively broad. This is caused by reflections of 
injection light from the slave laser diode facets. The output quality can be 
improved by applying anti-reflection (AR) coatings at the output facet of the 
FP-LD. 
6. In the case of multi-wavelength injection locking, the output peak power is 
dependent on the wavelength. It is because the broadened spectrum is 
obtained from self-phase modulation and the envelope of the spectrum is not 
flat over the wavelength range. A well-designed optical filter can be used to 
flatten the spectrum such that a more uniform intensity profile can be 
obtained at different wavelengths. 
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Figure 2. 1 Schematic illustration of injection locking of a Fabry-Perot laser 
diode. 
Figure 2. 2 Optical spectrum before and after injection locking 
Figure 2. 3 Injection locking occurs only when injection power is above the 
locking threshold (PIL). 
Figure 2. 4 Relation between output power and injection power in an injection 
locking process. 
Figure 2. 5 The output spectra of FP-LD when injected by C W signals at different 
wavelength which are detuned from the FP modes, (a) TE polarized 
(b) T M polarized C W signal. 
Figure 2. 6 Theoretical calculation of RIN spectrum of completely injection-
locked and free running lasers under different injection photon 
numbers. [6] 
Figure 2. 7 Multi-wavelength injection locking. 
Figure 2. 8 P M fiber loop mirror filter. P M fiber: polarization maintaining fiber. 
Figure 2. 9 Self-phase modulation and frequency shifts. 
Figure 3. 1 Experimental setup to determine the optimized bias level of the FP-
LD. 
Figure 3. 2 Output power vs Injection power. 
Figure 3. 3 Experimental setup on the reduction of amplitude modulation by 
injection locking. 
Figure 3. 4 Amplitude modulation of pulses. 
Figure 3. 5 Experimental results on the reduction of amplitude modulation. 
A • • • 
A-111 
Multi-wavelensth injection locking of semiconductor laser diodes and ... APPENDICES 
Figure 3. 6 Response on different injected amplitude modulation percentages. 
Figure 3.7 Experimental setup for repolarization of a randomly polarized 
injection light. 
Figure 3. 8 Poincare sphere of (a) a randomly polarized injection light (b) 
repolarized output by injection locking. 
Figure 3. 9 Experimental setup of relative intensity noise (RIN) measurement. 
Figure 3. 10 Measured RIN of free running FP-LD (dotted curve) and injection 
locked FP-LD (solid curve). 
Figure 3. 11 Experimental setup to measure SFDR of the FP-LD. 
Figure 3. 12 Measured SFDR of the free running FP-LD (dotted lines) and the 
injection locked FP-LD (solid lines). 
Figure 4. 1 Experimental setup on optical sub-mm wave generation. SOA: 
semiconductor optical amplifier; BPFl and BPF2: band pass filters; 
PCI, PC2, and PCS: polarization controllers; FP-LD: Fabry-Perot 
laser diode; EDFA: erbium-doped fiber amplifier. 
Figure 4.2 (a) Optical spectra showing the dual-wavelength output; (b) 
Corresponding autocorrelation traces of the optical sub-mm waves. 
Figure 4. 3 Sub-mm wave generated at 3.22 THz (a) Without injection locking; 
(b) With injection locking, i. normal operating conditions, ii. power 
attenuated at point A, iii. power attenuated at point B, iv. polarization 
scrambled at point A, v. polarization scrambled at point B. 
Figure 4. 4 Injection locking characteristic of the FP-LD. Pil indicates the 
injection locking threshold. 
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Figure 4. 5 Poincare sphere of the sub-mm wave under polarization scrambled 
condition, (a) Without injection locking, polarization scrambled all 
over the sphere, (b) With injection locking, polarization confined to a 
small area. 
Figure 5. 1 Experimental setup of dual-wavelength pulse source generation by 
injection locking with a filtered A S E source. PC: polarization 
controller; FP-LD: Fabry-Perot laser diode. 
Figure 5. 2 Experimental setup of dual-wavelength pulse source generation by 
injection locking of a FP-LD by a 2nm-filtered A S E and comb filtered 
source. EDFA: erbium-doped fiber amplifier; BPF: band-pass filter; 
P M Fiber: polarization maintaining fiber; PC1-PC2: polarization 
controller; FP-LD: Fabry-Perot laser diode. 
Figure 5. 3 A S E output from E D F A filtered by a 2nm band-pass filter. 
Figure 5. 4 Injection locked output by a 2-nm filtered A S E source. Grey curve: 
gain-switched free running FP-LD. Black curve: Injection locked FP-
LD. 
Figure 5. 5 Comb filtered A S E injection light. 
Figure 5. 6 Injection locked output using a comb-filtered A S E injection source. 
Figure 5. 7 Wavelength tuning of the injection locked output. 
Figure 6. 1 Experimental setup of multi-wavelength injection source generation 
by filtered A S E from an EDFA. P M fiber: polarization maintaining 
fiber. 
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Figure 6. 2 Multi-wavelength injection source generated by filtering of an A S E 
source. 
Figure 6. 3 Wavelength tuning of the multi-wavelength injection source. 
Figure 6. 4 Experimental setup on multi-wavelength 10 G H z pulse generation. 
DFB: distributed-feedback laser diode; DCF: dispersion compensated 
fiber; EDFA: erbium-doped fiber amplifier; DSF: dispersion shifted 
fiber; P M Fiber: polarization maintaining fiber; PMF-LMF: 
polarization maintaining fiber loop mirror filter; PCI and PC2: 
polarization controllers; FP-LD: Fabry-Perot laser diode. 
Figure 6.5 Optical spectrum (a) D F B laser output after DCF; inset: 
corresponding pulse profile, (b) dotted curve: spectrally broadened 
D F B output after self-phase modulation; solid curve: D F B output after 
the loop mirror filter. 
Figure 6. 6 (a) dotted curve: optical spectrum of the free running FP-LD; solid 
curve: optical spectrum of the injection locked FP-LD. (b) pulse 
profile of the injection locked FP-LD. (c) optical spectrum of a single 
filtered wavelength, (d) corresponding pulse profile of the single 
wavelength. 
Figure 6. 7 Eye diagram (a) injection signal (b)injection locked FP-LD. 
Figure 6. 8 Optical spectrum of the injection locked FP-LD showing tuning of the 
multi-wavelength output. The injection laser pulses are centered at XQ 
=1548.78 and 1549.68 nm. 
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